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. smMARY
Measurementsofthespectrumandcorrelationfunctionsatlarge
Reynoldsnumber( )RN% 105 basedonthegridmesh havebeenmade,aswellasa seriesofaccuratespectrummeasurementsatlowerReynolds
number(RNm 104).
—
.—
Theresultsarecomparedwiththetheoreticallawsproposedin
recentyears.ItisfoundthatthemeasurementsatlargeReynolds
5 numbersexhibita rangeoffrequentieswherethespectrumisnearlyof
theformn-5~3, ~ .——
w
Thel.drgestpartofthespectrumintheinitialstageofdecayat
thelowerReynoldsnumberwasfoundtofollowcloselythesimplespec-
trum A—, whereA and B areconstantsand n isthefrequency
B+n2
offluctuation.At X/h= 1000 (wherex isthedistancebehindthe
thegridand M isthemeshsize)thespectrumapproachesa Gaussian
distribution.
Thesecond,fourth,andsixthmomentsofthespectrumhavebeen
computedfromthemeasurementsandarediscussedinreletiontotheo-
reticalresults.
..—
Thesignificanceofthenumberofzerosofthefluctuatingvelocity
u(t) isdiscussedandexamplesofmeasurementsforthedetenuinationof
the~croscaleofturbulenceX fromzerocountsaregiven.
INTRODUCTION
A fieldofturbulentfluctuatlonsrepresentsa dissipativesystem.
y“ Viscositywilltendtodissipateheenergyofthefluctuationsintoheatand,ifa stationarystateofthesystemistobekept,energy
.
mustbecentinuouslysuppliedtothefluctuations.J Itischaracteristic
-.
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offluidflowphenomenathattherateofdissipationisstronglyinflu-
encedbytheinertiatermsh theequationofmotion.Theseconvective,
nonlineartermsdonotdescribeanymechanismfortheproductionfheat
fromthekineticenergyof thefluctuatingfieldandtheirinfluence
u~n therateofdissipationisthereforeindirect.Therateofdissi-
pationisproportionaltothemeansquareofthevorticity.Thenon.
linearinertiaof-thefluidmotionusuallytendstoincreasethismean
square.A similarmechanismiswel14mwninfluidmechanicsInthe
shock-waveformationwherethetendencytosteepentheshockfrontis
balancedbythetendencytodiffuseitbecauseofthe.viscosityandheat
conductionofthefluid.
Theunderstandingaudanalyticalformulationofthenonlineareffects
uponthevorticity distributionIsa centralprobleminturbulence
research.InthesearchforanunderstandingofthismechanismTaylor$s
introductionoftheconceptofIsotropicturbulencewasveryimpxrtant
(reference1). Isotropicturbulencer presentsa muchsimplertypeof
turbulentmotionthanthegeneralshearflowproblembutdoesinclude
manycharacteristicfeaturesofthegeneralproblem.Mostoftherecent
progressinturbulencer searchcamefrominvestigationsfisotropic
turbulence.K&&n (refkrence2)introducedtheconvenient-formalism
ofthecorrelationtensorsofdifferentiank.K&& andHowarth A
(reference3) thengavethefirstequationIna suitableformrelating
thedoublecorrelationfunctiontothetriplecorrelationfunction. s
Thisequationshowsthebalancebetween‘inertiaandviscousforcesh a
%Urbulentfield.Thetriplecorrelationrepresentshenonlinearterms
oftheequationofmotion.TheK&m6n-Eowarthequationisclearly
indeterminateslongasonedoesnothaveanadditionalualytlcal
representation,intermsofthedoublecorrelationfunctions,ofthis
fundaznmtalprocessofvortexregrouping.
Thetheoreticalresearchofthelastfewyearshasmadesomepro-
gressatleastowardanunderstandingofisotropicturbulence.
Kolmogoroff(reference4)introducedtheconceptoflocalisotropyinto
turbulence,that1s,thehypothesisthatthemotionofthesmallereddies
In turbulentflowIsalwaysisotropic.Thishypothesis,forwhichthere
issomeexperimentalverificationatpresent,makesaninvestigationof
isotropicturbulenceevenmoreinteresting.Kolmogoroffthenproceeded,
essentiallyonthebasisofdimensionalanalysisandverysimplephysical
reasoning,toarriveatsomeresultsconcerningthecorrelationfunction
andsoforth.A thoroughreviewofKolmogoroff?sworkhasbeengiven
byBatchelor( eference~). ~ager (reference6), WeizsMcker( efer-
ence7),andespeciallyHeisenberg(reference8) att~kedtheproblemfrom
thepointofviewoftheturbulentspectrumratherthanthecorrelation
fuuction.Taylorhadintroducedtheconceptofthespectruminto
tur~enceasearlyas1938(reference9). Eowever,w ~.
dimensionalformofthespectmmasgivenbyThylorisveryconvenient
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4. forexperimentalmeasurementsbutnottooconvenientfortheoretical
study. lkisenbergthereforeIntroduceda three-dimensionalsp cespec-
** trumfunctionE(k).ThefunctionE(k)dk isdefinedasthefkaction
4 ofthetotalturbulet nergywithwavenumberbetweenk and k + dk.
~ylor’sspectrum?~k~~
‘% isdefinedasthefractionofturbulent
energywithcomponentsofthewave-numbervector k inoneftiedirec-
tionbetweenkl and kl+ ~. EeisenbergtsandTkylor’ss~ctrum
functionsareFburiertransformsofthecorrelationfunctionsofK&m&
CorrespondingtotheK&m&n-Howarthequation,a similarequationfor
E(k)maybewrittenwhichobviouslydoesnotyieldanythingdifferent
fromtheequationsforthecorrelationfunction.‘However,itispossible .._
thattheconceptofspectrumissomewhatmoreintuitivethanthatof
correlationfunction-probablybecauses~ctrumisa morefamiliar
conceptfromotherfieldsofphysics-
.
andmostrecentworkoperates
essentiallywiththeconceptofspectrum.
-—
IWwledgeoftb spectrum
functionE(k) Issufficienttodescribetheturbulentfieldcompletely.
A rathercompletesurveyofthisgroupofrecentheoreticalinvestQa-
tionsandtheexperimentalevidencecanbe foundinBatchelor’slecture ._
totheSeventhInternationalCongressforAppliedMechanics(refer-
ence10).A briefdiscussionfsometheoreticalresultsforlater
a referenceisincludedinthesection“GeneralConsiderations”ofthisI report.
9 Thegeneralaimofthepresentexperimentalinvestigationsa
studyofthenonlinearexchangemechanism.ThereIsnotatpresentany
straightforwardandsimplewaytomeasuretheexchangetermsdirectly.
Infact,theresearchhastostartona morebasiclevel.A fairly
broadinvestigations eededtomakesurethattheflowconditionsare
closetothoseassumedbytheoryandthattheeqerimentalequtpentis
satisfactory.Finally,a ratherthoroughknowledgeofvariousaspects
.
oftheturbulentfieldisneededbeforexpertientalresultscanbe
evaluatedintelligently. —
tithepresentworkthefollowingpointswereInvestigated:
(1)
(2)
(3)
ThecorrelationfunctionandthespectrumatlargeReynolds
numbers
Thedecay,microscale,andspectrumatintermediatendlow
Reynoldsnumbers
Thezerosofthefluctuatingvelocitycomponentsandtheir
relationtothespectrumandmomentsof.thespectrum
.—
Partofthesemeasurementscanserveasanindependentcheckof
y resultsobtainedbyBatchelorandTownsendandothers,andpartofthe
resultsarenew. Itshouldbeemphasizedherethattheultlmatealmof
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a moreorlessdirectmeasurementoftheexchangetermhasnotibeen
carriedoulryetand,infactj_wasnotevenattempted.Iiiwasfeltneces-
saryfirsto improveandreftiethemethods-,especiallythemeasurement
—-
ofthespectrum,and,asmentionedbefore,“togaina viewofmanyaspects
oftheturbulentfield.
TheinmstI@ ionswerecarriedoutattheGuggenheimAeronautical
Laboratory,Californiafistituteof‘Ibchnology,aspartoftheturbulence
researchconductedunderthesponsorshipandwiththef5nanclalssist.
anteoftheNationalAdvisoryCommitteefor”Aeronautics.Theauthors
wouldllketoacknowledgethecooperationof,Mr.F.K.Chuangandthe
stimulatingdiscussionswithProfessorsLagerstromandI%Prlma.Mr.M.
Jesseywasresponsibleforthedesignandconstructionofmostoftb -.
electronicequipnentandthisessentialhelpisgratefullyacknowledged.
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SYMBOLS .-
turbul.entvelocityfluctuation(i= 1,2,3)
space coordinate(k= 1,2,3) fi–
meanvelocity r
meansquare ofvelocitycomponents .-
K&m&ts doublecorrelationtensor
Batchelor’sspectraltensor.
wave-numbervector
components0?wave-numbervqctor
frequencyoffluctuation
Heisenberglsspectrumdensity
llaylortsspectrumdensityinspace
Taylorfsspectrumdensityintime
dhensionlesspectrumdensityyuameter
dlnensionlessfrequencyparameter
—
-x
—
—
.—
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doublecorrelationfunctions
triplecorrelationfunctions
scaleofturbulence
microscaleofturbulence
averagenumberof “~ values”perunittimeofa ran&m
function
Viscosity
kinematicviscosity
dimensionlessparameter
E~=2j/-xk =~ distancebetweentwoPOWS infield
E valueof
3T valueof
w P density
P’ pmssure
randomvariableU(t)
randomvariabledu/dt
fluctuation
.—
..-
e, q) sphericalcoordinatesink-space -—
~ = f(r) forcasewherer ismeasuredindirectionnormalto ~ -
G rateofturbulentenergydissipation
P(N) probabilityy distributionof NE
GENERALCONSIDERATIONS
DefinitionofTerms
Homogenlty,isotropy,andstationarystate..A fieldof”turbulent
fluctuationsh
y fieldiscalled
“d
spaceisgiven
homogeneousif
bythevelocity
allmeanvalues
u=~i~j,t)]. The
of u andtheir
.—
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derivativesdonotdependonthevalueof Xj. ItiscalJ-edisotropic *
ifthesemeanvaluesareindependentofreflectiona drotationof-the
cmrdinatesystem.h mostmeasurementsofiurbulencea velocitycom-
ponentUi isobservedasa functionoftimeata fixedposition.For J
example,measurementsaremadeinawtidtunnelatsomedistancebehind
thegrid.tithiscasetheprocessiscalledstationary;meanvalues
ofthesquareof u(t)anditsderivativesdonotdependupontimeand
thecorrelationfunctionsdependonlyupon.therelativetimeinterval.
Inthedefinitionhereonehastousetheensembleaveragetotakea
meanvalue.Iftheordinarytimeaverageisused,thestatementthat
themeanvaluesdonot”dependontimebecomestrivial.A stationary
processintimeisanalogousIndefinitiontohomogeneityinspace.- ‘–..—
Isotropyhasnosuchcounterpartsincetimeisa singlecoordinate.
Timeandspacederivatives.-Itistypicalofpresenturbulence
researchthatmeasurementsareoftenmadeIna mov~ streamata fYxed
position.Ontheotherhand,theoreticalconsiderationsftendealwith
spacedistributionofa turbulentfieldatiest.Torelatexperiments .
andtheoryoneusesthefactthatthespacecoordinateinthedirection
oftheman motionistimelike.Thisfactissometimsse~ssedby
statingthattheoperator~~t canbereplacedby -U~~ If U is
themeanvelocityInthedirectionx. $
Thisstatementisobviouslynevercorrectrigorously.Incertal.n x
applicationsthedifference,thatls,theerror,canbegivenoresti-
mated.F!orexample,foranystationaryprocessu(t)whichpossesses
a derivative
—&=oudt (1)
.-
applyingtheexchangeofoperatorssimplygives
But
since thistem determines
turbulencehasthevalue
.-
—
.u”~+o
thedecay
—2
.U*=
ofturbulenceandforisotropic
7
log .-
.?
v
#-4
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Itispossible,however,tousetheinterchangebetweentimeandspace
variablesincertainmeanvalues.Forexample,ithasbeenfoundexperi-
mentallybyTownsend(reference11),Inagreementwiththemeasurements
presentedhere,thatthemeansquareofthethe derivativeagrees
closelywiththemeansquareofthespacederivativeinthedirection
ofmeanmotion;thatis, (3wr (2)
!hestimateherethedegreeofapproximationwithinwhichthis
resultistrueismorecomplicated.Onecanwritedowntheequations
ofmotionandcomputethesetermsandthentrytoestimatethediffer-
ence;forexample,for
Hence,
with
Thelargestermin R appearstobe
Hau 2Neglecthgthistermcomparedwith @ ~ hencewouldamountoan
erroroftheorderof
Meanvalues.- So
ttonofwhatismeant
r
4
~ \%/
the turbulencel velF/7’u.
farmeanvalueshavebeenusedwithoutany defini-
byputtinga barovercertainquantities.Asa
.—
matteroffact,thedeflnltlona duseofme@avaluesin
notaneasyproblem.Experimentally,theaverageis,in
NACATN 2473
turbulenceis
general,the
timeaver~eprovidedby-therespon~eofa meas~ing-lnst~ent,-for
example,a thezmo-cross-galvanometercombination.Thistimeaverageis
1equivalentto ~
I
()dt wheret istimeand ~ isthet- interval
fortheaveraging.Fortheoreticalconsiderationsauensenibleaverage
isoftenmoreconvenient.
—
EqerimentalJy,anensenbleaveragecanbe
obtainedbyaveragingoversinglemeasurementsseparatedbytimetiter-
valssufficientlylargeto13Bvezerothe correlation.Ifthetime@
intheaveragingprocesstslargecomparedtiththecorrelationtime
scaleT, thenoneshotidexpecthethe andenseubleaveragestoa&&. “;
Thefinitextentofthemeasuringprobe,thatis,specifically,the
lengthofthehot+rire,introducesanadditionalverageovers~ce in
turbulencem asurements.Ifthelengthofthehot=wireisnottoogreat
thiscanbeaccountedforbymakingcorrectionsbasedona roughestimate
ofthespacecharacteristicsoftheturbulentfield.
Correlationfunctions,pectrum.- Thespacedistributionofa
homogeneousturbulentfieldischaracterizedbygivingthespaceco?mela. ~“
tionsinthefom ofthewellAsnownK&mancorrelationtensors,
1
w
‘i(xk}t)uj~’ }t)Rid=
—.
(3)
ThespacespectrumisthenmostconvenientlydefinedastheFourier
transformof RIj (references12and13). lkt g denotethewave-
numbervector,thatis,thevectorinthedirectionfwavepropagation
= IkI= 2Y’c/A,beingthewavelength.
a ~b~~l%aP?fl$ r~~ c--bedefinedby
(4)
2 NACATN24’73 9
4 Iieisenberg’sspectrumE(k),that1s,theenergydensityofturbulent
fluctuationscontainedbetweenk and k + dk, isthenobtatiedas
themeanvalue4
(5)
ForIsotropicturbulenceRij ~d rijaheeachacpressiblebya
singlefunctionf(r)aad E(k),respectively.
ThespectrumfunctionF(n) introducedbyTaylorWasoriginally
definedintimefrequencyn ratherthaninspace.Therelation
betweenF(n) andtheHeisenbergspectrumthusinvulvesaninterchange
betweenthe andspacevarztibles.Theequivalentdefinitionfthe
TaylorspectruminspaceF(kl)isthefractionofturbulentenergy
containedbetweenkl and kl+ dkl where~ denotesthecompon~t
of k ina fixedirection.Thedirectionis,ingeneral,chosento
correspondtothedirectionfmeanspeedU inthe~erimentalsetup,
d Thereexistsa simplerelationbetweenF, the!lbylorspectrum
function,and E, Heisenberglsspectrumfunction,whichisvalidfor
homogeneim,isotropicturbulence,
[1 k%’(k)E(k)=5 -tit(k]
LE(k)dk= 1
wherefromequation(5)
(6)
(7)
.—=
10 NK!+lw2473
Ifoneconsidersagatithestationarytimeprocess,thenonecandefine
thecorrespond@timecorrelationandthe spectrumasisstandard
practice.If’
spaceposition
u(t) isa certainvelocitycomponentmeasuredatone
inthecourseofthe, thenonecandefine
U t + T)l.l(t)*(T) = ( ~ (8)
whereT denotesa the interval.
isthendefinedasthefractionof
Uii
ThecorrespondingspectrumF(n)
~ containedinthefrequencybaud
n, n + dn, thatis,theso-called“-r spectrum.~’Onehasthen:
J
m
F(n)= 4 *(T)Cos23urr* (9)
o
1
m
V(T) = F(n)cos2nnTdn (lo)
Fromequations(7) and(10),respectinly,followthentherelations
betweenspectrum,correlationfunction,andmeanderivatIvesofthe
fluctuationwhicharesooftenusedinturbulence.Specifically,the
followingquantitieswillbeused:
(1)ThespacescaleL andtimescaleT ofturbulenced finedby:
L=
r
f(r)dr
= : i(o) (11)
(12)
NACATN2473 U.
l (2)Theso-calledmicroscaleh ortk corresponding
frequencyn~ definedby
lhomequations(7) and(10),clearly:
@ = .f’l(o)
()zaup= ——px
N.lqa— atU2
mean-square
..—
(13) “- -
(14)
(u)
(16)
Triplecorrelations.- Fora descriptionofthedyhsmicsofturbu-
lenceoneneedsalsothetriplecorrelationfunctionswhicharetitimately
connectedwIththenonlineartermsintheequationsofmotion.Foriso-
tropic,homogeneousturbulencethetriplecorrektbntensorofKdrm6n
cm-be-expressedagainby
h(r)=
a singlefunction,forexample,h(r)where
~(xi$t)%(xi,t)u~(q’,t)
()/~3p
1
=xxi’ i i s 2,3
I
(17)
—
12
Functionsequivalent
hereaswasfirstdoneby
definea function“Hl(kl)
“NACATN2k73
tothespectraldensitiescanbe titroduced
Lin(reference13). Forexample,onecan
equivalenttotheThylorspectrumforthe
doublecomelationsandmite
J- J.\ .LI m
Similarelationsin timecanalso
Equations
(18)
& . . A
bewritten.
ofMotion .
Theequationforthecorrelationfunctioninhomogeneous,isotropic
turbulenceistheK&m6n-Huwarthequationwhichis,ofcourse,a conse- .
quenceoftheNavier-Stokesequations: . ,,
...
_+2#2(d$++)=q$+:qh–%
at
(19) b
M
wheref and h exethedoubleandtriplecorrelationfunctionsdefined
above.
Thecorrespnd~equationinthewave-numberspacehasbeengiven
byLin(reference14):
with
A thorough
(reference
(~)
.-
a$) +W(k,t)= -2v+%(k)
[ 1~’k%l”(k)-kH1’(k)W(k,t)= s
discussionfthesequationsi givenbyK&nn6nandLin
15).
FormofSpectrumFunctions
Theaimofa theoryofisotropicturbulenceisthedeterminationof ?
thefunctionf(r)or E(k).Earlierattemptstoobtainf(r)are
u
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c found,forexample,inthe
recentyearsithasbecome
u
IE&m6nandHowarthpaper(reference3). In
morecommontooperatewiththespectrum
functionratherthanwiththecorrelationfiction.
~.*
Inthepresentstateoftheoreticalanalysisof E(k) or f(r)
it is besttodistinguishtwosteps.First,oneCSJI arrive at some
conclusionsregardingthegeneralformof E or f incertatiregions
withoutmskingany
or h(r).Second,
formof W or h.
Thefirstset
explicitstatementabout henonlinearterm W(k,t)
onecanarriveatconclusionsbyassuminga specific .—..-
oftheoreticalresultsincludesKolmogoroff’stheory
oflocallyisotropicturbulenceandtheresultsobtained-concetigE-
“5/3
—
and f, especiallythe k lawfor E(k). Thishasalsobeen
obtainedindependentlybyWeizsacker(eference7) andOnsager(refer-
ence6). I
-—
Thesetincludesalsothe k lawforsmallwavenumbers .
obtainedbyLti(reference14),Batchelor(reference12),andothers
and,further,Loitsianskii’s(reference16)resultconcerningtheinvari-
—
anteof U2
r
r4f(r)dr duringdecay.Finally,thebehaviorofthe
t o
turbulentfieldatverylowReynoldsnumbersasalreadydiscussedby
& tin andHawarth,Loitaianskii,andrecentlyagainbyl?atchelorand
Townsend(reference17)belongstothisgroup.
Ontheotherhand,the k-7 lawofHeisenberg(reference8) for
largewavenumbersandallrelationsobtainedformediumwavenwnbers
dependonasswedformsoftheexchangeterm W(k,t),h(r,t),or
.
correspondingterms.If&m&(reference18)hasrecentlysystematized .—
theseassumptions.Ananalysisofallthesevariouslaws andassumptions
canbefoundinBatchelor’slecturetotheSeventhlhternationalCongress .-
forAppliedMechanics(reference10)andintherecentpaperbyKarman
..
andLin(reference15).
l?comthepointofviewofexperimentthesetwogoupsofresults
differessentially.Verificationofresultsofthefirstgroupmainly
——
meansa verificationofratherbroadandessentiallykinematicassump-
tions.Forexample,thetheoryhasuntilnowalwaysbeenbasedonthe
considerationofanunllmitedturbulentfieldwithzeromeanvelocity.
Experimentsarecarriedoutwithturbulencewhichisproducedbya —
specificmechanismandwhichiscertatilysomewhatinhomogeneoust rbu-
..—
lence.Furthermore,themaximumlengthormlnlmumwavenumberinan
experimentalsetupislimited.
..—
TherangeorvalidityInReynoldsnumber,
forexample,forthe k-5/3law,isnoteasilypredictableand,similarly, ‘
9 therangeofwavenumbersforthe kk law.
14
Consequently,theaimof
applicabilityofthetheory.
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mperimentshereistoestablisht e
Formally,thereislittledoubtthatthese
lawsapplyintheassumedkinematicalmodelsticethederivationfrom
theequationsdoesnotinmlveanyadditionalssumptions.
Theaimofexperimentsfortheverificationofthesecondgroupof
resultsgoesdeeperbecause,inadditiontotheapplicabilityof-the
theoriestotheexperimentalsetup,thephysicalmechanismofexchange
istimlvedhere.ItisconsequentlyImpossibletoworkonthesecond
gI’OUPofproblemsfruitfd~with.outhavingonetoa c~ extent
throughthefirst.
A furtherquestiontotheexperimenterIstheconsistencyofmeasur-
ements.Quiteoftenthetheoreticallydefinedquantitycannotremeasured
directly.Finally,thesensitivityoftheformofithemeasuredquantity,
as,forexample,E(k),towardtheassumptionsmadeisimportant.This
oftenmakesa decisioninfavorofa certainspecificassumptionvery
dubious.
Thesesimpleconsiderationsareincludedheretojustifythe
approachtotheproblem,Eveniftheultimateaimisquiteclearly
recognizeditisnotalwayspassibletodfiecbthexperimentsimmediately
towardthisaimsinceanyresult-willbeambiguous.Clearly,a direct
experimentalapproachtotheturbulentexchangeproblemismostdesired
butthisapproachdoesnotsea”veryfruitfulbeforethebackgroundis
somewhatclearedup.
RemarksonTurbulentFluctuationsasStationaryRandom~ocesses
Ifa turbulentvelocitycomponentu ismeasuredata ftiedpcmi-
tionasfunctionofitime,u(t)denotesa stationaryandomprocess.
Processesofthisgeneraltypehavebeenconsideredinphysicsandmath-
ematicsbeforeanditisinterestingtoseehowturbulencefitsinto
theseknownprocesses.Brownianmotionandtheshoteffectareexamples
ofprocessesofthistype.Oftentheterm“randomnoise”isappliedto
processesofthiskind.Ifonemeasurestheturbulencespectruminthe
standardfashionbyanalyzingtheoutputofa singlestationaryhot-wire}
orIfonemeasuresthetimederivativeinthesamewaybydifferentiating
theoutputcurrentofa singlehot-wire,andsoforth,Inallthesecases
oneanalyzesa stationaryone-dimensionalrandomprocessandapplication
ofthese“1’esultstothethree-dimensionalsp cefieldofturbulence
requiresadditionalsteps,suchastheInterchangeofspaceandtl.me
variablesdiscussedabove.
Beforetheresultsofmeasurementsaregiveninthisreportit
appearsusefultodiscussbrieflytwoaspectsoftheproblemof r-
U
.
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stationaryandomprocesswhichareusedInthe
powerspectrumandthenumberofzerosof u(t)
.b
15
measurements,namely,the
perunittime.
Powerspectrum.- If u(t) denotesoneturbulentvelocitycomponent,
notnecessarilytheoneinthedirectionfmeanmotion,onecandefine
a Po~r s~ct~ F(n) asdiscussedinthesection“DefinitionofTerms.”
Thenecessaryconditionsunderlyingtheconceptcanbefoundinthe
literature,foreqle, inreferences19and20.
.—
Dryden(reference21);whocarriedoutoneoftheearliestmeasure- .–—
mentsoftheturbulentspectrum,foundthatthemeasurements
l couldberepresented.ratherwellbythefunction
wherec and F(O) arecharacteristicconstantsrelatedby
tionof F(n).Thecorrespondingthe correlation*(T) Is
t
*(T)=e-lT@u
of F(n)
(21)
the nmmaliza-
then
(22)
Clearly,a functionofthisformcannotrepresentthespectrumfor
arbitraryhighvaluesof n sincethen
rn%?(n)& =00o
Thusthedissipationofturbulence- ifforthemomentonetakesthe
~x(~for~nt~-ticaes~tiite.bdeed,~en~s -
‘ehtion at
measurementsshowedthatforlargevaluesof n themeasuredspectrum
fallsbelowthevaluesgivenbyequation(21).
..
Themeasurementsof F(n)madeduringthecourseof’thepresent
investigationsareaccurateenoughto
;2 .
[
n%’(n)
—
obtain .-
dn thesecondmomentof F
16
as well as
. .-
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~= J’mn%(n)dno —thefourthmomentof F :
bothofwhicharefoundfinite-asexpected-andingeneralagreement
withmeasurementsofiBatchelorandTbwnsendofthemeansquareofthe
firstandseconderivativesof u(t).HoWWer,inagreementwith
Drydenitwasfoundthatbyfarthelargestpartoftheturbulentenergy
iscontainedina portionofthespectrumF(n) forwhichthesimple
formofequation(21)givesa goodapproximation.Hence,onemaytake
atpresentthis formof F(n) as,atleast,anempiricalinterpolation
formulafromexperimentsandonemayinquireIntothegeneralnatureof
.-
sucha spectrum.Withoutimplyingtoomuchaboutthephysicalsignifi= ;
canceofthesimplespectrumfunctionthefollowingpropertiesare
interestingandpossiblysignificant.Drydenotedthatthisspectrum
.
playsa specificroleinrandomprocesses.Tbdayonecanformulatehe
significanceofthisspectrumasfolhws:-
.-----
(1)Iftheprobabilitydistributionof u(t) isGaussian-asIs
knownwithgoodaccuracyfromexpertientsofSimmonsandSalter(refer- 8:
ence19)andTownBend(reference11)-andthespectrrmrhastheform
~, thentheprocessisMarkoffkn;thatis,ItiStheStiplest
---
w.
B+n2 A
randomprocessfora continuousvariable(seereference20).
(2)Processesleadingtoa spectrumofthistypearewell-knowna d
fairlycomon. Forexample,theso-calledrandomtelegraphsignal,that
is,a variablewhichattainsthevalues a and -a jumpingfromthe
onevaluetotheotheratrandomtimes,hasthisspectrum.Thenumber
ofchangesofsignisthengivenbya Poissondistribution.
Hence,theremaybea possibilityofrelatingsomepartofthe
turbulencetotherandomsheddingofvurtlcesbythegrid.Thisappears _
wortha furtherinvestigation.Furthermorelitisinterestingtonote
that-
.-
assumingagainthattheexchangeof.timeandspacevariablesi —
closelyvalid-thesimplespectrumsatisffesthekinematicrequirement
forMkwave numbers.ThecorrespondingHeisenbergspectrumbehaves
—
-.
—
likek for k~O, tideed,itfollowsimplyfromequations(6) that
*theHeisenbergspectrumE(k) correspondingto F(n)= F 0 has
theform
‘(k)‘* ?? “-”
D
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e
. whereL isthescaleofturbulenceandhenceE(k)= ~kh as k+ C).
Furthermore,forlargevaluesof k, thatis, kL>>1
whichmakesitexperimentallyverydifficulttodistinguishthisspectrum
behaviorfromthe k-5/3law.
Itisnotintendedheretooveremphasizeth tiportanceorphysical
significanceofthesimplespectrumcorrelationfunctions.Ith3Od.y
pointedoutthatthesimplespectrumisanexcellentinterpolation
formulawithpossiblephysicalsignificancewhichhastobe studied
furtherandthatoneshouldbe quitecarefulintheexperimentalverffi-
Q
cationofpowerlawssuchasthe k-5/3law. Usingthesimplespectrum
Loitsianskii~sInvariantbecomesimplypro~rtionalto
*
a formwhichcanbeexperimentallydetermined.Resultsaregivenlater
inthisreport.
Nhmberofzerosof u(t).-Anotheratherinterestingproblem
arisinginstationaryandomprocessesistheexpectednumberofpassages
throughzero(oranyotherconstantvalue)perunitthe. Qestionsof
thisnaturehavebeendiscussedinrec!entyears,forexample,byRice
(reference22).1
Let p(~,q)M dq denotetheprobabilityata giventhe offinding
u(t)betweenthevalues~ ‘ad ~ + u and du/dtbetween~
and ~ +dq. Thenp(g,q)d~dq denotesthetimethetracespendsin
theintervalfj,~ + d~ havinga derivativeb tweenq and q + dq.
Toobtainthenumberofpassagesthroughtheintervald~, regardless
ofthetimespentata crossing,p(~,~)~ dq hastobedividedbythe
%urtherreferencestootherinvestigationsi tothesubject,espe-
. ciallytheworkofKhc,aregiveninRice’spaper.
—
..—
.—
..—
..—
..-.
—.
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spentintheintervalata crossingtoreduceallpassagestothe
statisticalweight.Let T bethistime;thenclearly
sinceq isthe“velocity”incrossingthe.intervald~ and ~ql has
tobeusedsinceT doesnotdependonthesignof q. Hence,the
numberofpassagesthrough~, ~ + d~ witha specificvalueofthe
derivativeq isgivenby
and,consequently,thetotalntierofpassagesthroughtheinterval
regardlessof q, by
ThisistheformulagivenbyRiceinreference22wherea morerigorous
proofwillbefound.
SofartheassumptionsunderlingNE areverygeneral.Toobtain
a simplerelationbetweenthespectrumand-N3 additionalssumptions
arenecessary.Theseassumptionsare$ustifiedforlinearprocesses,
suchaselectricalnoiseproblemsandsoforth,I@ certainlynot
rigorouslytrueforturbulence.Stillitiso~considerableinterestto
studytheeffectofpossibledeviationfromtheseassumptionson NE.
Sinceu(t) isa stationaryandcnnprocess
du
-0
‘G
that ia, thereisnocorrelationbetween
and du/dthaveGaussiandistributions,
-~
U and du/dt.Ifboth U
thenitisdirectlyfollowsthat
I
5
..
.
.
K
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s Specifically,thenumberofzerosI?~isgivenby
.
.
()%2”$$~2
19
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InthisformfurmulaNo isquitesimilar
whichthenumberofzerosNo isgiwnby
No==
(26)
totheharmonicvaluefor
.-—
Thedistributionof du/dtis,however,Ingeneral,notGaussian.This
8 factisessentiallya consequenceofthenonlinearlyy oftheequationsof
motionandwasverifiedexperimentallybyTownsend(reference11).Still,
9 itisinterestingtoinvestigatethedetiationf No frOMthe~an-
squarefrequencyasobtainedbyothermeans,forexample,fromF(n)
or
()
~2
andtoextendthiscomparisontoReynoldsnumbersolow
z’
.—
.
thattheinfluenceofthenonlineartermsshoti.dbecmneunimportant.
Unfortunately,anaccuratecomparisoncannotbegivenasyet. Itturned
outthatItise~rimentallyeasytocounthenumberofzeroswith
fairabsoluteaccuracy,that1s,oftheorderof*1Opercent.To
Increasetheaccuracybeyondthispointprovedtobemoredifficult
becauseoftheverylargerangeofpassagetimewhichthecounting
.
apparatushadtoreproduceaccurately.Consequently,onlypreliminary
measurementsarebrieflyreportedhere.
APPARATUSAlfDNETHODS
WindTunnel.
Thewindtunnelusedformostmeasurementswasthesnmll20-inch-
squareGALCIT“Correlation”tunnelbuiltmny yearsagoforsimilar
. investigations.Repeatedimprovementsinthetunnelhavereducedthe
free-st=amturbule~cel vel-totheorderof0.03percent.
. equipmentalongthetunnelaxisforabout200cent-ters’
m
Traversing
lengthis
-—-
----
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provided.TheGAZCIT10-foottunnel-wasu edforS- investigations ~
athighReynoldsnuniberaeportedhere.Sketchesofthetwotunnels
areIncludedasfigures1 and2.
..-—
l
.
Grids —
Thegridsusedinthepresentinvestigationdifferedsomewhatfrcun
previousones.Theyconsistedofprecision,woven-brasscreenmounted
inwoodenframes.Thescreens,obtainedfromTylerandCompanyin
Cleveland,areveryuniform.Thegeometryofthegridsisgivenbelow.
Grid Roddiameter,d Meshsize,M(cm) (cm)
1 0.413 1.68
2 .184 .818
3 .108 l422
4 ,0445 ,141
*
Onlyinthe10-footunnelwasa gridofthe two-planetypeused.The
dimensionsforthisgridwereM =
Hot-Wire
l?kce~fortheInvestigations
k inchesand
Apparatus
i thelo-foot
d - 0.75tnch.
tunnel,tiresof
O.00005-inchdiameterwereused.Inthe10-foottunnelthewirediameter
was0.00025inch.Thewiresvariedinlength,dependingontheproblem,
betweenabout0.3centimeterand0.1centimeter.Thesilvercoverofthe
platinumwirewasinallcasesetchedoffbeforeso~eringthewiresto
thetipsofsewingneedles.
Theamplifierusedwasrebuiltfortheinvestigation.Thefrequency
responseisflatwithina fewpercentbetween1/2cycleand25,000cycles.
A cut-offilteratapproximately10j000cyC5esisprovidedtoreduce
noiseandpickupwheneverthereisnoneedforanInvestigationofhigher
frequencies.Tb3swasthecasemostofthetimeinthepresentsetof
experiments.
A resistance-capcitancecmnpensatoranda stageofdifferentiation
usinga secondcompensatedamplifierisincorporated.Theoutputis
#
.
w-
..
.-
—
—
-—
read-witha
ad@ted by
thermocrosspotentiometerar ange~nt.Thecompetitionis ““ -
meansofa squarewavearnngement.
+
a
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l FrequencyAnalyzer
A waveanalyzerfranHewlettandPackardwithanadjustableband
.
. widthfrdnnominal30cyclesto145cycleswasusedforspectrummeasure-
ments.Theanalyzerwasslightlymodifiedtoallowreadingtheotiput -‘-
onthethermocrossmeter.
The measurementsinthe10-footunnelweremadewitha Geneml
RadioSoundAnalyzerwhichisnotsosuitableforturbulencem asure-
mentsasthewaveanalyzer.Partoftheverymarkedimprovementin
accuracybetweenearlierspectrummeasurementsinthe10-footunnel
andtherecentmeasurementsinthe20-inchtunnelisduetoimprovement
intheequipmentandpartisduetothefactthattheflowinthesmaller
tunnelissteadierthanthatinthe10-footunnel.
ofa
Thenumberofzerosor
photanultiplierc ll.
ZeroCounting
~ valueswasfirst
Thecellwasmounted
countedwiththehelp
behinda narrowslitin
front-ofanoscilloscopescreenandthepassageofthetraceonthe
t
—
screenthusproducedpulseswhich,aftersuitableamplification,were
countedbymeansofa 29scalercounter.Every512thpulsewasthus
+ reisteredona mechanicalcounter.Anaveragecountcomprisedabout
1J passages.Recently,anelectronicgatecircuitwasusedforthe
samepurpose.
Length
Themeasuredvaluesof A2
Correction
werecorrectedforthelength2 or
()the hot-tirebymeansOftherelationX2= k2ma-d - G - 12#1
whereG = dfqo) . Thevaluesfor G giveninthisreportare
uncorrectedsincetheirlimitedaccuracydoesnotwarrantanelaborate
correctioni volvingstillessknownhigherderivativesof f.
A lengthcorrectionshould beappliedtothespectrummeasurements.
However,itappearsdifficulttoobtainananalyticale~ressionforsuch
a correction.Checkmessurementswerethereforemde withtiresof
%engthcorrectionformulaswerederivedbythepresentauthorsin
a previousunpublishedreportsubmittedtotheHACA.Theprocedureis
straightforwardandsimilarderivationshavebeenpublishedinthemean-
* timebyFrenkiel.Thusthereisnoneedtogivethederivationhere.
%
—.
-—
.-
—
..—
—
--—
. .
. .
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differentlengthandthecorrectionwasevaluatedsemiempirically.I& 8
turnedoutthatthecorrectionisunimportantfor F(n) itselfor
thewirelengthused.Forthehighermomentsthecorrectionbecomes
moreimportantbutatthesamethe theaccuracyofthemeasurements
b
.
decreases.
..
Thus,itWaEIfeltithat.correctionshouldbeappliedat _ .“
presentonlyto A2. Therestofthedataarepresenteduncorrectedfor
thelengthORthewire.
RESULTSOFWUREMENTS
Decay
A fewmessurementsofthedecayorturbulenceb hinda gridwere
madeandfigure3 presentsa sample.Thedecaymeasurementsagreewith
BatchelorandTownsend~s(reference23)measureunlmintheinitial
stageolWecay; theyshowthenearlylinearelationbetweenl/uZand
x< 100 (approx.t or x/M for -. ) andthe,subsequentincreaseintheM
rateofdecay. 4-
WA2 Measurements
The value of X2 duringdecaywasdeterminedbyTownsend’smethod
fromtheman squareofthedifferentiatedw@e output=kinguseoft%e __L
interchange betweentimeandspacederivati_yss.Then
Also h2 was determinedflmmtheuaaured
is
*11 ~
r)$“~~s
spectrumsl Therelationhere
l
—
.
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w A setofresultsisshowninfigures
indicatedbytheextentofthelines
withslope10v/U isplottedinthe
23
4 and5. The estimatedrrorsare .—
fromthepoints.Thestraightline
figurestoallowa comparisonwith ._
. themeasurements.Itisseenthatthemeasureddk2/dxisnear 10v/U.
Themeasuredslopeisa littlesmallerthan 10V/U andtheagreement-is
notsocloseasthatgivenbyBatchelorandTownsend.However,inthe
initialstageofdecaythereisnodoubthat dA2/dxismuchcloser
to 10v/Uthanto 7v/U. The slope10V/U isthatwhichfollowsfroIu
—
theassumptionfisotropicturbulenceiftherelationof l/u2 is
linearwith x/M or t. Theslope7v/U followsfromcertain,other
similarityassumptions(e.g.,reference24).TIEquestionoftheslope
---
.-—
.-
of X2(X)hasbeendiscussedsufficientlybyBatchelorandTownsend
(references23and25),Frenkiel(reference24),andothers,andthere
isnoneedtorepeatheargumentshere.
SpectrumandCorrelationMeasurementsinGALCIT10-FootTunnel .
Moreextensivem asurementsweremadeofthespectrumofturbulence.
t ThesemeasurementsincludearlierinvestigationsfthespectrumatlargeReynoldsnunbersinthe10-footunnel.Theselattermeasurementswere
doneinordertocheck on the existenceofa rangeoffrequenciesfor
l
whichthe k_5/3spectrallAwap@iesatReynoldsnuniberswhichcanbe
reachedina windtumnel.Asmentionedbefore,thesemeasurementsdo
nothavetheprecisionfthelaterspectrummeasurements”atlower
Reynoldsnunibers.Theresultsareshowninfigure6 pl&tedina reduced
scale ..—
*
F n)
FO - u against~(0)nS {
Thesimple spectrum
1u—= ---
l+p
isshownforcomparison.Thescatterofthepointsisevidentandany
conclusionsthereforearenottooconvincing.Herethesimplespectrum
doesnotagreesowellasinthemeasurementsatsmallerReynolds
numbers.Figure7 showsthesamemeasurementsina logarithmicplot.
Thelinewitha slopecorrespondingto n‘5/3 isincluded.TheseS81M
measurementswereusedbyK&m6 (reference22)fora similarcomparison
4 withthe n-5/3lawandhisinterpolationf rmulawhich erefitsthe
measurementsverywellindeed.A rangeoffairagreementwiththe
--
—
.— .—
—
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— *
n‘5/3lawcanbefoundand,similarly,a r~~e ofagreementbetweenthe ‘~
‘2/3 l~~and the meas~ed:wrrelatlonC7JC~&?~;_8correspondingr
..-
andreference22).-~Therangeanddegreeof=greementis
rtotheonefoundinthemeantimebyTownsend(reference2 )atlarge
Reynoldstiunibers.However,inviewoftheinaccuracyofthesemeasure-
mentsandthearbitrarinessinfittingthesepowerlawstomeasured
points,agreementssuchasthatpresented@ figures~,and8 should
beacceptedwithreserve.Figures9 to11show,thechangeinthecor-
relationcurvewithReynoldsxumiber.Duringthepastyeartheaccuracy
ofspectrummeasurementshasbeenverymuchImprovedanditishoped
thatfuturemeasurementsatlargeReynoldsnumberscanbemadewithmore
definiteresuits.
SpectrumMeasurementsin20~InchTunnel
.
Measurementsof-thespectmgnoft@md_enceinthe20-inch(correl-
ation)tunnelweremadewitha verymuchimprovedtechnique.Figure12
firstshowsa typicalspectrumplotted.$ntheconventionallogarithmic
scaletoallow a comprisonoftheamount~ scatterwithearliermeasure-
ments.Thena seriesotispectrumsplottedinthereducedformof
a 2( )=F(n)/F(0)against~ =- 0 n isshowninfigures’13to16for“
various speedsU andgridsizes.Allthe~~measure?m?ntswerenwleIn
.-
. .—-_
-.
—
.
.- .-
.._.
—.
.
—
—
theinitialphaseofdecay.Ineachfigurethespectruma = (1+ [7-1
isshownforcomparison.Themeasuredvalues”lieevidentlyquiteclose
tothesimplespectrumforvalues0? ( lessthanabout6. Forhigher
valuesthemeasuredvaluesfallbelowthesimples~ctruh;ashasbeeii
discussedinthesection“GeneralConsiderations.”Inanycasethe
largestpartoft- turbulentenergyisdou~tlesscontainedina region
where a=(l+~2)-’ isa verygoodapproximation.T@ wlue of F(0)
hadtobefoundfromtheexperimentaldata.Thiswasdonebyfitting
Aa curveoftheform— tothemeasurementsofthenot-normalized
B+n2 —-
spectrum.Inthiswayonefindsa valuee(0) fromwhichF(0) is
obtainedbynormalization,thatis,bythedivisionof e(0)bythe
P
area
J
e(n)dn. we correctnessof e(0) couldbecheckedsomewhatby
comparingthearea foe n dn withtheresultofa measurementofthe
J
themeansquareofthetotal.output(i,e.,yithoutfrequencyanalysis)
whichshouldbeequaltothearea.Thiswascheckedandfoundtobe
truewithin5 percentinall.cases. ‘- -
.
—
=
----
--
--
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s MomentsofSpectrum —.
ThespectrummeasurementsInthe20-inchtunnelwereaccurateenough.
. toallowt-hcomputationofthesecondand
densityF(n),thatis,thequantities
~= rn2F(n)
and
r>=4-Fn (do
fourthmcunentsofthespectrum
dn . —
dn
ThesecondmomentisusedtodetermineA2,
thefourthmomentfurnishes
t G= Abflv(o)
. A setofcurveshowingn2F(n)and n%(n)
t ion.Theresultsaretabulatedbelow:
ashasbeenmentionedabove;
isgtveninfigures17 ___
to22. Itisseenthattheaccuracyofthemeasurementsandthefre-
quencyrangeissufficienttoevaluatethemomentsbygraphicalIntegra- _
X2
(cm/~ec) (:) (:) (cm?) G c
1130 1.68 48.5 0.054 13.2 2.6
1130 1.68 107.5 .123 13.8 3.0
1130 1.68 160.0 ,.172 “11.9 2.7
630 1.68 49.5 .088 10.7
630 1.68 109.5 .229 10.2 %
630 1.68 156.5 .321 :.:9 391
300 1.68 108.5 .463
lm 1.68 108.5 l057 15:6
1130 l818 108.5 l1X 10.22
1130 .422 108.5 .133 8.20
. DuringdecayG isnearlyconstantintheInitialrangeandthen
decreases.ThisagreeswiththeresultsofBatchelorandTownsend.
s
.—
—
.-—
.—
-—
.
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measuredabsolutevaluesfor G herea~ar slightlyhigher.In
lastcolumninthetableabove,thequantity
()~ 1/5c.— F(0)U7‘o
is includedand C isproportionaltoLoitzianskii’snvariantInthe .. .
casewherethesimplespectrumapplies.Ofcourse, rF(0) and ~ %2
varyconsiderablyduringdecay.Asseenfromthetable,C isnearly
constant,hatis,doesnot-showa definitetrend.Clearly,theaccuracy
inthedeterminationof C isnotverygood.
BehaviorofSpectrumatHighFrequencies ..
I&hasbeenmentionedbeforethat eisenbergfstheoryofthespectrum
7ofisotropicturbulencel adstoan n- lawforhighfhxsquencies.Etis
thereforeofinteresttocomputethesixthmcmentsofthespectrum B
r
~= 6F
“
n (n)dn
o
If F(n)‘nL7,thenthesirthmomentshouldiverge. %Plotsof n (n)
fortwospeedsarepresentedinfigures23and2k. Forthelowerspeed,
U = 630centimeterspersecond,the ereaappe~stobefinite;forthe
higherspeed,U = 1130centimeterspersecond,thefrequencyrangeofthe -
measurementsisevidentlynotlargeenoughto decideatallwhetheror
notthecurvesapproachzero.
.-
However}itshouldbekeptinmindthattheturbulentenergyinthe
frequencyrangethatmattersinthe n%(n) curveisextremelysmall.
Hence,theelectricalnoiseandthepickupinthisrangeareOftheorder
from20percento-80percentofthetotalagtputandthemeasuredvalues
of F(n) arethereforethedifferenceb tweentwofairlyclosenumbers. —
Thisdifferenceisthenmultipliedby10~8tolo2kintheimportantrange
andtheresultingcurveisthereforenotverytrustworthy.Theonly
definiteresultwhichcanbeassertedsofarwithconfidenceisthatF(n)
doesnotvary
Batchelorhas
moreslowlythan
recentlyreported
n-7 in the highfrequencyrange.
duringa visit,atGALCITthatTownsend
“
R
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c —-
hasobtainedmeasurementsof
()
a% ‘
— . Since
3t3
.
()a3u 2a measurementof —atj
the spectrums. Townsend
thepresentmessurements
6isequivalentto n ,
findsthesixthmoment
ofthespectrumtithtn
thesixthmomentfrom ..
finite.Thisagreeswith
theMmltationg discussed
above.BatchelorInterpretshis-resultasconfirmingthe n--fpower
lawplusa rapidcut-offathighfrequencies.Thisconclusionap~ars
premturebecauseofthedifficultiesstressedabove.
~
SpectrumatVeryLargeDistancesfromGrid
Veryfirdmnstreamframthegrid,intheso-calledfinalstageof
“ decay,thespectrumandthecorrelationcurveshouldapproacha Gaussian ..—
distribution.Measurawntsofthetimecorrelationcurveweremadeby
BatchelorandTownsend(reference17)andtheconclusionwasreached
thatthefinalstageofdecayisrapidlyapproachedfor x/M>300.
.-
Thespectrumofturbulencewasthereforem asuredat x/M= 1000
behinda finemeshgrid.Themeasurementsareplottedinfigure25
comparedwiththeGaussianspectruucompatiblewiththenwasuredvalue
of A; thatis,thespectrumwasevaluatedasusualand L wasdeter-
mined.ThantheGaussianspectrumwasplottedwhichwouldgivethe
sameh.
_—
Themeasuredpointsatverylowfrequencyare,asmentionedbefore,
nottootrustworthy.TherestofthecurveapproachestheGaussian.
Actuallythislatterfactbecomesmoreobviousifonetriestoplotthese
--—
measurementsInthesameformasthespectrumsatlowervaluesof x/M.
Figure26showsthattypeofplotandevidentlyittlesimilaritywith
.—
the spectrumu = (1+ @l canbefoundhere.Similarly,onecan
continceoneselfthatwithincreasingx/M themeasuredspectrumstend
towardtheGaussian.Still,fromthepresentsetofmeasurementsthe
“ Gaussianformisnotreqchedwithintheaccuracyofmeasurement.Here
futureworkisneededtoseewhetherx/M= 1000 Isstilltoosmallor
whetherotherfactorsenter.
*
28 .-
SpectrumofDeriva~ve
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ThefunctionF(n) isdefinedas thepowerspectrumof u(t).
Similarly,onecandefinea powerspecm .Y(n)oft~ derf~tive
~u~. If W(n) isnotnormlizedonehas
org=W(n)dnat-o .
Ontheotherhand,
and,consequently,
W(n). I+#n%(n)
~
Figure27 t3h0w8DM3LLS~ ntso~ W(n) plot@din
Theagreementisseentobeexcellent.Thisisa
consistencyofthemeasurements. ..-
*-
-—
— --
---
“
—
—
-. —
comparison*h n2F(n). “ -
welcomecheckOnthe
zero counts
A samplesetof L2 valuesobtainedfromthecountingofzeros
wing anelectronicgatecircuitIsincludedinfigures4 and5a ~ _.
valueof X2 wasobtainedfrm thenunherofzeros assminga Gaussian
distributionf rboththefunctionu(t) andthederivativek/bt.
Then A2 isgivensbplyby -.. .—
()
~2_ .
A2=
~
Earliermeasurementsusingthephotocell=t~odgaveessentiallythe
sameresult.As computedfromthezeros,~d-behavesasfunctions
of x quites~lar tothe h2 valuesobtained
buttheabsolutevaluesof k2 asobtainedfrom
entlylarger,especiallyatthehighspeed.How
inabsolutevaluecanbetracedtothedeviation
fromtheothermethods,
thecountsareconsiat-
mucho~thisdifference -.“_
fromtheGaussian
*
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s distributionandindependentprobabilitiesof u(t) and ~u~t remains
tobeinvestigated.That Ne isnearlyGaussianin ~ Isshownin
.
.
figure28. Thisis,however;obviouslyonlynecessarybutnotsufficient
forindependencebetweenu(t) and bpt. Itwasfirstbelievedthat
thebetteragreementforlargervaluesof k reflectedthelackof
resolutionfthesystem.However,theresolutionfthenewcircuit
shouldbeverynmchbetterandthedifferenceb tweenthe h measure-
mentsandthezerocountsprobablyhastobetracedtoother easons.
TheresultsofaninvestigationofthespectrumofIsotropicturbu-
lenceledtothefollowingconclusions:
1.ThespectrumandcorrelationfunctionsIntheturbulentflow
(behinda gridatlargeReynoldsnunibersRN % 10~basedonthegridmesh)
. 1
‘2/3 km, respec-showa rangeoffrequenciesforwhichthe n-5/3or r
Q tlvely,ap@y. tidn hasshownthatthesemeasurementscanberepre-
sentedwellbyaninterpolationf rmulaforthes~ctrumoftheform
.
2. The m?asurementsatsmallerReynoldsnumbersoftheorderof104
showthatintheInitialstageofdecaythebulkoftheturbulentenergy
liesina frequencyrangeinwhichthespectrumiscloselyapproximated
bythesimple
corresponding
relation
m
F(0)
to an exponential
=(1 + (y
correlationfunction.
3. Themeansquareofthefrequencyn2 orthecorrespondingmicro-
.
—
—
—
____
..— —
.
scalek wasmeasuredbydifferentiationandfromthespectrum.‘The
measurementsagreecloselyandtheslopeof A2(x)Isnearlylinearin -
theinitialstageofdecay.Thevalueoftheslopewasfoundtobea . ..
*
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little less than 10v/U.Theturbulentenergywasfoundtovarydown-
— 2 ~ l/t fordistancesuptoaboutstreamaccordingtothelaw (u’)
100 mesh.ThequantityG = A%iv(O) wasobtainedfromthespectrums
and G wasfoundnearlyconstantintheinitialstageofdecay.It
decreasesinthelaterstage;G Increasestithspeed.mse res~ts
are ingeneralagreementitithBatchelorand!l!ownsend’smea urements.
.
.
..
k. Thesixthmomentsofthespectrumswerec-ted. Herethel~it _
ofaccuracyofthemeasurementsisreachedandconclusionshavetube
tentative.ThesixthmcaumtsappeartobefiniteandhenceF(n)at
veryhighfrequenciesshouldvaryfasterthann-7.CertainlyF(n)
doesnotvaryslowerthann-7.
5.Thespectrmnatx/M=
curvel
6.Usiw S- si@ifyl~
countoftheavemgemmiberof-
1000wasfoundtoapproacha Gaussian
assumptions,h wasalsoobtainedfroma
zerosofthefluctuatingvelocitycompo-
nent.Thegenezaltrendof Xz(x)agreesytththemeasurementsbyother -_
methods;theabsolutevaluesof ?X2 asobtainedfromthezerocountsare
somewhatlarger.I&wasnotpossibleyettodecidewhetherthisdiffer-
enceissignificant. .
CaliforniaInstituteofTechnology .
Pasadena,Calif.,August16,1949 —
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